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In t roduct ion  

This study i s  concerned w i t h  t he  mechanisms and e s s e n t i a l  r eac t an t s  
of t h a t  p a r t  of t he  photosynthetic process i n  which oxvgen i s  produced 
by photo lys i s  of water. 
which can be s tud ied  i n  v i t r o  separa te ly  from the  carbon dioxide f i x i n g  
reac t ions .  The photo lys i s  of water and evolut ion of oxygen t h a t  occurs 
when ch lo rop la s t s  or fragments of them a r e  i l luminated i n  the  presence 
of a s u i t a b l e  e l e c t r o n  acceptor  is  general ly  r e fe r r ed  t o  as t he  H i l l  
r eac t ion .  Attempts t o  reduce the H i l l  r eac t ion  system t o  a nonpar t icu la te  
s ta te  have general ly  r e su l t ed  i n  loss of a c t i v i t y .  Progress toward t h i s  
goa l  would be usefu l  i n  def in ing  the  minimum components and condi t ions 
required f o r  pho to ly t i c  a c t i v i t y ,  a s  w e l l  a s  i n  determining the  d e t a i l s  
of t he  mechanisms of energy t r ans fe r .  Recent experiments along these  l i n e s  
i n  our l abora to r i e s  led  t o  establishment of t h i s  p ro jec t  t o  study chloro- 
p l a s t  e x t r a c t s .  

This i s  e s s e n t i a l l y  the  l i g h t  absorbing reac t ion ,  

-- 

ExDerimental Plan 

The iorig i=aiige pia i l  of study inc iudea  analytical investigations tc 
i d e n t i f y  and cha rac t e r i ze  the  components of t h e  photoactive complex, and 
t o  determine the  func t ion  of each; examination of t h e  r o l e  of p ro te ins ,  
e s p e c i a l l y  enzymes, i n  the  complex; s tud ie s  on methods of preparing 
e x t r a c t s  of ch loroplas t s ,  and the s t a b i l i t y  of t h e  prepara t ions ;  deter- 
mination of t h e  p a r t i c i p a t i o n  and r o l e  of various co fac to r s ;  and appl ica-  
t i o n  of spectroscopic  and o ther  physical  methods t o  e luc ida t ion  of t he  
c h a r a c t e r i s t i c s  of t he  system. 

A c t i v i t v  During. t he  Period 

Experimental i nves t iga t ion  during t h i s  per iod included s t u d i e s  i n  
two major areas:  the  e f f e c t  of dimethylsulfoxide and ca f f e ine  on the  
H i l l  r eac t ion  a c t i v i t y  of chloroplast  preparat ions,  and t h e  development 
of prepara t ive  e lec t rophores i s  of ch loroplas t  f r a c t i o n s  i n  a c a r r i e r - f r e e ,  
high voltage un i t .  

Future  Plan 

The prepara t ive  e lec t rophores i s  s tud ie s  w i l l  be continued, with t h e  
goal of separa t ing  ac t ive  f r ac t ions  and concentrat ing the  e f f l u e n t ,  f o r  
H i l l  r eac t ion  s tud ie s  of these f r ac t ions .  When the  m o s t  a c t i v e  f r a c t i o n  
i s  i d e n t i f i e d ,  i t  w i l l  be character ized i n  t e r m s  of pro te ins ,  pigments, 
plastoquinine,  enzymes and cofactor  requirements. Methods of s t a b i l i z i n g  
and improving H i l l  r eac t ion  a c t i v i t y  w i l l  be extended. 
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Exper imen ta l  

A. C h l o r o p l a s t  P r e p a r a t i o n s  C o n t a i n i n g  Dimethyl S u l f o x i d e  

D i f f i c u l t y  was encountered i n  t h e  Sephadex chromatography of 
d i g i t o n i n - s o l u b i l i z e d  c h l o r o p l a s t  p r e p a r a t i o n s .  These s t u d i e s  were pe r -  
formed i n  a c o l d  room, where t h e  t y p i c a l  sucrose-phosphate  b u f f e r ,  
d e s c r i b e d  i n  Report  No. 2 ,  was h i g h l y  v i s c o u s  a t  40C. The s u c r o s e  i s  
added t o  t h e  b u f f e r  t o  i n c r e a s e  t h e  s t o r a g e  s t a b i l i t y  of t h e  c h l o r o p l a s t  
p r e p a r a t i o n s ,  e s p e c i a l l y  t h o s e  t h a t  are  s t o r e d  f r o z e n .  

Dimethyl s u l f o x i d e  (DMSO),  which h a s  been d e s c r i b e d  a s  a u s e f u l  
nonaqueous s o l v e n t  f o r  many p r o t e i n s ,  y i e l d s  s o l u t i o n s  wi thou t  marked 
changes i n  t h e  b i o l o g i c a l  p r o p e r t i e s  of t h e  p r o t e i n s  [Rees and S i n g e r ,  
Arch. Biochem. Biophys. 63,  144 (1956) ;  Ormsbee, B e l l ,  and Lackman, 
J. Immunol. 88, 741 (1962); and t e c h n i c a l  i n f o r m a t i o n  provided by Crown 
Z e l l e r b a c h  Corpora t ion ,  C a m a s ,  Washington]. DMSO h a s  unique s o l u b i l i t y  
p r o p e r t i e s  and i s  m i s c i b l e  i n  both p o l a r  and nonpolar  s o l v e n t s .  Conse- 
q u e n t l y ,  i t  w a s  t e s t e d  as a s u b s t i t u t e  f o r  s u c r o s e  i n  t h e  phosphate  
U U L L C A .  'i'i'hc.:: a 0 . 4  ,?I s c l ~ t i n n  shnwed no i n h i b i t o r y  e f f e c t  on t h e  H i l l  
r e a c t i o n  a c t i v i t y  of a c h l o r o p l a s t  p r e p a r a t i o n ,  t h e  c o n c e n t r a t i o n  of 
DMSO w a s  i n c r e a s e d  t o  10 p e r c e n t  wt/vol.  The r e s u l t s  of H i l l  r e a c t i o n  
s t u d i e s  are summarized i n  Table  I. 

L...CC-.. 

Table I 

HILL REACTION ACTIVITY OF SOLUTIONS CONTAINING DMSO 

So lven t  System 

0.4M DMSO.. . . . .  

. . . . . .  

C o n t r o l  . . . . . .  

. . . . . .  

10% DMSO. . . . . .  

. . . . . .  

C o n t r o l  . . . . . .  

. . . . . .  

~~ - 

P r  e pa ra t  i on 

C h l o r o p l a s t s  

F r agme n t s 

C h l o r o p l a s t s  

Fragments 

C h l o r o p l a s t s  

Fragment s 

C h l o r o p l a s t s  

Fragments 

Chl 
0 2  

4 60 

383 

551 

439 

611 

520 

551 

611 

DMSO may become a u s e f u l  s o l u b i l i z i n g  a g e n t .  Wi th in  expe r imen ta l  
e r r o r ,  t h e  H i l l  r e a c t i o n  a c t i v i t y  of s o l u t i o n s  c o n t a i n i n g  i t  w a s  unchanged 
or s l i g h t l y  enhanced. F u t u r e  s t u d i e s  shou ld  i n c l u d e  i t s  e f f e c t  on t h e  
s t o r a g e  s t a b i l i t y  of c h l o r o p l a s t  s o l u t i o n s  k e p t  a t  4OC and a t  -4OOC; i t s  
e f f e c t i v e n e s s  i n  i n c r e a s i n g  d i g i t o n i n  s o l u b i l i t y  i n  aqueous s o l u t i o n s ;  and 
i t s  p o t e n t i a t i o n  or a t t e n u a t i o n  of e n e r g y  t r a n s f e r  i n  t h e  H i l l  r e a c t i o n  s y s t e m .  

2 



B. -- C h l o r o p l a s t  - P r e p a r a t i o n s  C o n t a i n i n g  C a f f e i n e  

The r e c e n t  paper  by F r e d e r i c k s  and Jagendorf [Arch. Biochem. Biophys. 
104, 39 (196411 d e s c r i b e d  both t h e  p r e s e r v a t i o n  of H i l l  r e a c t i o n  a c t i v i t y  
and t h e  marked s t i m u l a t i o n  of some p h o t o s y n t h e t i c  s y s t e m s  by high molecu la r  
weight polymers,  such as Carbowax and d e x t r a n .  The e a r l i e r  work of 
Clendenning, Brown, and Walldov was c i t e d  [ P h y s i o l o g i a  P l a n t .  9, 519 ,1956) 1. 
Clendenning advanced t h e  t h e s i s  t h a t  t h e  Carbowax compensated Tor t h e  
i n a c t i v a t i o n  of c h l o r o p l a s t s  by l ea f  t a n n i n s  r e l e a s e d  i n t o  i n t i m a t e  mix- 
t u r e  w i t h  t h e  H i l l  r e a c t i o n  components. The H i l l  r e a c t i o n  ra tes  were 
i n v e r s e l y  r e l a t e d  t o  t h e  t a n n i n  con ten t .  Furthermore,  i t  was i m p o s s i b l e  
t o  r e g a i n  H i l l  r e a c t i o n  a c t i v i t y  once i t  was lost  as a consequence of 
t a n n i n - p r o t e i n  p r e c i p i t a t i o n .  

- 

Solven t  System 

1% C a f f e i n e . .  . . . .  

. . . . . .  

C o n t r o l  . . . . . .  

. . . . . .  

On a n o t h e r  p r o j e c t ,  w e  have been u s i n g  t a n n i c  a c i d  as  a q u a n t i t a t i v e  
p r o t e i n  p r e c i p i t a n t .  The p r o t e i n s  were r ecove red  unchanged by a p p l y i n g  
t h e  nove l  c a f f e i n e  method of Mejbaum-Katzenellenbogen and co-workers 
[Na tu re  - 184, 1799 (1959); - -  i b i d . ,  192, 262 (1961); - -  i b i d . ,  193, 1288 ,1962'1. 
Although s p i n a c h  h a s  a n e g l i g i b l e  t a n n i n  c o n t e n t ,  w e  t e s t e d  t h e  e f f e c t  of 
1 p e r c e n t  c a f f e i n e  c o n t e n t  on t h e  H i l l  r e a c t i o n  a c t i v i t y  of a t y p i c a l  
s p i n a c h  c h l o r o p l a s t  p r e p a r a t i o n  with t h e  r e s u l t s  shown i n  Table  11. 

Chl 
0 2  

C h l o r o p l a s t s  387 

Fragments 3 52 

P r e p a r a t i o n  

- 

C h l o r o p l a s t s  4 87 

Fragment s 851 

Table I1 

HILL REACTION ACTIVITY OF SOLUTIONS CONTAINING CAFFEINE 

Although t h e r e  was a d e c r e a s e  i n  t h e  H i l l  r e a c t i o n  a c t i v i t y  of both whole 
c h l o r o p l a s t s  and f r agmen t s ,  w e  d o  not  c o n s i d e r  1 p e r c e n t  c a f f e i n e  as a 
p h o t o s y n t h e t i c  i n h i b i t o r .  S t i m u l a t i o n  of H i l l  r e a c t i o n  a c t i v i t y  w a s  
r e p o r t e d  by MacDowell [ P l a n t  Phys io l .  - 24, 462 (1949)] f o r  a n o t h e r  c lass  
of a l k a l o i d s ,  e.g., b r u c i n e  and s t r y c h n i n e .  C a f f e i n e  shou ld  be t e s t e d  as 
a H i l l  r e a c t i o n  s t i m u l a t o r ,  u s ing  a p h o t o s y n t h e t i c  system h i g h  i n  t a n n i n  
c o n t e n t .  I n  a d d i t i o n ,  t h e  enhancement of H i l l  r e a c t i o n  a c t i v i t y  by 
s t r y c h n i n e  shou ld  be confirmed. I n f o r m a t i o n  of t h i s  n a t u r e  would be 
h e l p f u l  i n  e x t e n d i n g  t h e  b i o l o g i c a l  h a l f - l i f e  of t h e  H i l l  r e a c t i o n  s y s t e m .  

C. C a r r i e r - F r e e ,  Continuous High Voltage E l e c t r o p h o r e s i s  

One of t h e  s i m p l e s t  methods of s e p a r a t i n g  c h l o r o p l a s t  p r e p a r a t i o n s  
i n t o  f r a c t i o n s  i s  by sed imen ta t ion ,  which c a n  be performed r a p i d l y  enough 
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t o  permit t he  s tudy of H i l l  r eac t ion  a c t i v i t y  i n  the  f r a c t i o n s .  Other 
biophysical  procedures, however, a r e  so t i m e  consuming t h a t  m o s t  of t he  
a c t i v i t y  i s  l o s t  during f r ac t iona t ion .  Electrophoresis  i s  one method 
t h a t  has add i t iona l  disadvantages. Un t i l  recent ly ,  the  only prepara t ive  
e l ec t rophore t i c  methods involved a s o l i d  support ,  such a s  a paper cu r t a in .  
Unfortunately,  t he  ch loroplas t  pigment-protein complex has a marked 
a f f i n i t y  f o r  ce l lu lose .  A l l  of our a t tempts  t o  s tudy the  mobil i ty  of the  
complex have been unsuccessful,  because the sample remains a t  t h e  point  
of appl ica t ion .  

W e  have gained considerable experience i n  t h e  use of high voltage 
prepara t ive  e l ec t rophores i s  on the c a r r i e r - f r e e  instrument,  t h e  Elphor FF, 
designed by Hannig [Z. anal .  Chem. -9 181 244 (1961)]. 
c u r t a i n  e lec t rophores i s ,  chloroplast  p repara t ions  can be s tudied  e a s i l y  
on a prepara t ive  s c a l e  and under high power condi t ions.  

I n  c o n t r a s t  t o  

The Elphor FF has no c a r r i e r :  i t  i s  e s s e n t i a l l y  two air-cooled g l a s s  
plates  about 50 c m  square, separated by a 0.5-mm space through which the  
e l e c t r o l y t e  passes  as a fi lm. The anode w a s  on the  l e f t  s ide ,  and the  
I n s t r m ~ n t  was run w i t h  t h e  current  e l e c t r o n i c a l l y  held constant .  Forty- 
e i g h t  f r a c t i o n s  d iv ide  the  e f f luen t  a t  cent imeter  i n t e r v a l s ,  the  f r a c t i o n  
numbers increas ing  from l e f t  t o  r i g h t .  

A T r i s  buf fer  (pH 7.5) was used a t  concentrat ions of f rom0.15  M t o  
0.025 M. The lowest concentrat ion gave a bu f fe r  with prefer red  i o n i c  
s t r eng th ,  which i s  less l i k e l y  t o  produce uncoupling of t he  H i l l  r eac t ion  
photophosphorylation, according t o  Good [Arch. Biochem. Biophys. 96, 653 
(1962) 1. I n  f a c t ,  t h e  i d e a l  buffer  t o  overcome anionic  uncouplingwould 
be tris(hydroxymethy1)methylglycine or Tric ine .  
of the  operat ing condi t ions of the Elphor FF, using d i l u t e  e l e c t r o l y t e s .  

Table I11 i s  a summary 

The ch loroplas t  fragments were obtained by ex t r ac t ing  spinach leaves 
with T r i s  buf fer  of the same concentrat ion used i n  the  separa t ing  chamber 
of the  Elphor FF. F i f t y  grams of deveined leaves were homogenized with 
60 m l  of T r i s  buf fer  i n  a Waring blendor f o r  about one minute. The extract 
w a s  squeezed through fou r  layers  of cheesecloth containing g l a s s  wool, and 
cent r i fuged  a t  f u l l  speed (about 1000 X G) i n  a c l i n i c a l  cen t r i fuge  f o r  
one minute. The p e l l e t  of leaf  t i s s u e  d e b r i s  was discarded. The super- 
natant  so lu t ion  containing whole ch lo rop la s t s  ( P I )  and ch loroplas t  f rag-  
ments (Pz) was centr i fuged a t  f u l l  speed i n  a c l i n i c a l  cen t r i fuge  f o r  
t e n  minutes. The p e l l e t  (PI) was discarded,  except where a d i g i t o n i n  
e x t r a c t i o n  w a s  made. 

The supernatant l i q u i d  containing ch loroplas t  fragments (Pz) was 
centr i fuged f o r  15  minutes a t  15,000 rpm (27,000 X G) i n  a Serva l1  c e n t r i -  
fuge. The high-speed p e l l e t s  were resuspended i n  15 ml of T r i s  bu f fe r  by 
homogenizing with a hand homogenizer. The so lu t ion  was then cent r i fuged  
for t e n  minutes a t  f u l l  speed i n  a c l i n i c a l  cen t r i fuge .  The p e l l e t  was 
discarded and the  suspension of P, was used i n  the  Elphor FF. 
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I n  experiments involving d ig i ton in  ex t r ac t ion ,  the  p e l l e t s  (PI) from 
slow speed cen t r i fuga t ion  w e r e  resuspended i n  20 m l  T r i s  buf fer  containing 
1 percent  d ig i ton in ,  allowed t o  stand f o r  15 minutes, and centr i fuged f o r  
10 minutes a t  1000 X G. The p e l l e t s  were discarded, but supernatant solu- 
t i o n  w a s  then  centr i fuged i n  a Serval1 cen t r i fuge  for 15 minutes a t  
15,000 r p m  (27,000 X G) t o  recover l a r g e r  d i g i t o n i d c h l o r o p l a s t  fragments 
(PD,) . The supernatant  solut ion,  conta in ing  very s m a l l  d i g i t o n i d c h l o r o -  
p l a s t  fragments, w a s  recentr i fuged f o r  one hour a t  27,000 X G, and the  
p e l l e t s  (PD,) were resuspended i n  5.0 m l  of T r i s  buf fer .  
fragments (PD,) from the  15-minute cen t r i fuga t ion  were a l s o  resuspended 
i n  T r i s  bu f fe r  and prepared f o r  the Elphor FF as descr ibed f o r  t he  P, 
fragments . 

The l a r g e r  

Whole ch lo rop la s t s  (PI) agglut inated spontaneously i n  the  separa t ion  
chamber during e lec t rophores i s .  Since t h i s  phenomenon w a s  r a r e l y  observed 
w i t h  ch loroplas t  fragments (P,), prepara t ions  of them were s tudied  i n  
de t a i  1. 

I n  general ,  most of the  proteins  i n  the  mixtures migrated toward the  
anode i n  t h e  pH 7.5 buffer .  The suspensions gave green p a t t e r n s  which 
broadened as much as 23 c m  f romthe i r  i n l e t  po in t s  (Experiments 4 and 5) .  
During the  residence per iod i n  the  chamber, the  suspensions formed 
c h a r a c t e r i s t i c  s t reaked pa t te rns .  Ef f luent  was uniformly dispersed green 
suspension which gave t y p i c a l  f luorescence when i r r a d i a t e d  with 365 mp 
l i g h t .  

With t he  exception of Experiments 2, 3, and 4, a l l  of t he  experiments 
were performed with ch loroplas t  fragments (P,) . 
was s tudied  i n  Experiment 2 ,  and the  smaller d i g i t o n i n  fragments PD, were 
used i n  Experiment 3. The corresponding supernatant s o l u t i o n  SD, was a l s o  
s tudied ;  i t  gave the  very broad p a t t e r n  under the  condi t ions  of Experiment 4 .  

Digitonin f r a c t i o n  PD, 

Experiments 6 and 7 show the e f f e c t  of var ied buf fer  flow r a t e .  A t  
t he  high flow r a t e ,  t h e  residence t i m e  i n  the  e l e c t r i c  f i e l d  i s  shor t e r ,  
Consequently, t h e r e  i s  less r e so lu t ion  ( spreading) ,  but  t he  e f f l u e n t  
contains  a higher  concentrat ion of ch loroplas t  fragments. Experiments 
7 and 8 can be compared a s  a measure of t he  e f f ec t iveness  of e lec t rophores i s .  
Experiment 8 (no power) showed a maximum spread of f i v e  f r a c t i o n s  co l l ec t ed  
i n  a d i r e c t  l i n e  below the  i n l e t  por t ,  whereas Experiment 7 (38 volts/cm 
f o r  42 minutes) produced a broad p a t t e r n  of 15 f r a c t i o n s  skewed f a r  enough 
toward the  anode t o  be c l e a r  of any components with neg l ig ib l e  mobili ty,  
had they ex is ted .  I n  Experiment 9, t h e  increased r a t e  of sample dosing 
broadened the  p a t t e r n  s l i g h t l y .  

An old sample of ch loroplas t s  ex t r ac t ed  with T r i s  and s tored  a t  40 C 
f o r  11 days was s tudied  i n  Experiments 10-12. I n  c o n t r a s t ,  no s a t i s f a c t o r y  
separa t ion  was obtained with chloroplast  f r a c t i o n s  prepared with t h e  
sucrose-phosphate buf fer  and s tored a t  4OC f o r  14 days p r i o r  t o  e l ec t ro -  
phoresis  i n  t h e  Elphor FF. 
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A t  a bu f fe r  flow r a t e  of 153 ml/hr/48 tubes,  t he  e f f l u e n t  i s  
co l l ec t ed  a t  3.2 ml/hr/tube. 
produces f r a c t i o n s  containing chloroplast  mater ia l  t h a t  i s  fou r  t o  e i g h t  
t i m e s  a s  d i l u t e  as the  dosing solut ion.  
concentrat ing the  e f f l u e n t  must be found before H i l l  r eac t ion  s t u d i e s  of 
oxygen evolu t ion  i n  the  Warburg can be conducted prec ise ly .  

A t y p i c a l  sample dosing r a t e  of 6 . 7  ml/hr 

Consequently, some method of 

We are cu r ren t ly  t e s t i n g  three methods of concentrat ion:  (1) d i r e c t  
add i t ion  of Sephadex; (2)  d i a l y s i s  aga ins t  d ry  Aquacide; and (3) u l t r a -  
f i l t r a t i o n .  The photoca ta ly t ic  dye reduct ion method might be more con- 
venient f o r  measuring H i l l  r eac t ion  a c t i v i t y  and might e l imina te  the  
concentrat ion s tep .  U l t i m a t e l y ,  w e  p lan t o  cha rac t e r i ze  the  components 
of an e l ec t rophore t i ca l ly  prepared sys t em which shows H i l l  r eac t ion  
a c t i v i t y .  

F inancia l  S t a tus  

During the  fou r th  quar te r ,  approximately 23 percent  of t he  a l loca t ed  
funds were spent .  Work w i l l  continue a t  about the  same rate of e f f o r t  
during t h e  f i f t h  quar te r .  

Respectful ly  submitted, 

Lloyb K.?Moss, Ph.D. 
Biochemist 
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P lan t  Biochemist 
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